ABSTRACT This paper proposes a wireless sensor network (WSN)-based long-range wireless tethering system (WSN-SELFIE) that implements the novel GIGA-SELFIE system that can take selfies and landscape photos from long distances. In WSN-SELFIE, a low-power WSN using radio frequency (RF) transceiver modules is used to provide long-range communication between a camera and a sensor node. The operating range of WSN-SELFIE can be extended easily by adding more relay nodes to the network. The experimental results demonstrate that WSN-SELFIE performs efficiently in terms of network range, end-to-end network delay, and processing time. Furthermore, it outperforms commercial photography drones and GIGA-SELFIE in terms of cost and runtime.
I. INTRODUCTION
In recent, wireless sensor networks (WSNs) have attracted considerable research interest owing to their civil, military, environmental, industrial, and healthcare monitoring applications. A comprehensive description of WSNs along with real-time applications, deployments, different protocols, technologies, and recent developments is discussed in [1] - [4] . Some studies have enhanced routing in WSNs [5] - [8] . Furthermore, the integration of WSNs with other devices is becoming ubiquitous. For example, security cameras and WSNs have been combined to form wireless visual sensor networks (WVSNs) for surveillance purposes [9] , [10] . However, to the best of our knowledge, no study has combined WSNs and digital cameras into wireless tethering systems.
Commercial wireless tethering systems [11] - [13] are commonly used by photographers. These systems enable photographers to trigger their digital cameras remotely via mobile devices, such as tablets and smartphones. In such systems, a wireless device is plugged into the USB port of a digital camera to provide a Wi-Fi connection between the camera and a mobile device. A remote tethering application helps
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photographers to control the camera functions. However, the maximum range of a typical commercial system is short (∼100 m) owing to the use of a Wi-Fi network. Thus, these systems are only suitable for short-range tethered shooting. For long-range tethered shooting, a commercial system called ''GIGA-SELFIE'' was introduced in 2015 [14] .
GIGA-SELFIE is a long-range wireless tethering system that enables users to capture their faces and the landscape from 1 km away. It can send a short video clip, beginning with a close-up shot of the user's face and then panning out to the bigger image, to users via email. It takes hundreds of individual photos and uses the Giga pan stitch technology to combine these images to create a giga-pixel image. Although technical details of GIGA-SELFIE are unfamiliar, the following drawbacks can be noticed by examining its functions. First, because hundreds of photos with overlapping fields of view are stitched together to produce a giga-pixel panoramic superresolution image [15] , expensive equipment, such as a panoramic robotic head, a telephoto lens, and a highdefinition digital camera are required to capture multiple photos [16] , [17] . Another drawback is that it needs an image stitching software that often takes a few minutes to hours and considerable processing power to produce the giga-pixel image. Researchers [17] also noted that it took 30-90 min to capture them and 3-6 hours to produce a giga-pixel image. Recently, the wireless radio frequency (RF) transceiver module nRF24L01 that operates in the 2.4 GHz industrial, scientific, and medical (ISM) radio band is being used increasingly owing to its ultra-low-power consumption and low cost. It has been successfully implemented in real-time scenarios and deployed practically in numerous WSNs [18] , [19] . Motivated by the novel idea of GIGA SELFIE and the advantages of the nRF24L01-module based WSNs, this paper proposes a wireless tethering camera system based on an nRF24L01 WSN (WSN-SELFIE).
Commercial photography drones can also be used to implement the GIGA-SELFIE system because their maximum operating distance exceeds 1 km, thus outperforming GIGA-SELFIE systems. Although such drones have excellent range, they are very expensive and have short battery life [20] . For instance, the DJI Mavic Pro drone can take pictures from up to 7 km away; however, it costs ∼ 1500 USD and has battery life of only up to 27 min. Table 1 shows a list of several popular commercial photography drones together with their features. As can be seen, these drones are not economically feasible and have limited battery power, of at most half an hour, making them unsuitable for this application. This paper is an extended version of [21] presented at 2019 IEEE International Conference on Consumer Electronics, USA. In this paper, the hardware design and software design of WSN-SELFIE are also described in detail. The proposed system has been compared with commercial photography drones and GIGA-SELFIE, and outperformed them in terms of cost and runtime.
The main advantages of WSN-SELFIE are as follows:
• WSN-SELFIE implements the novel idea of GIGA-SELFIE that remotely takes a selfie and landscape photos from a long distance.
• WSN-SELFIE performs efficiently in terms of network range, end-to-end network delay, and processing time.
• WSN-SELFIE outperforms GIGA-SELFIE and commercial photography drone systems when cost and runtime factors are considered.
The rest of this paper is organized as follows. Section 2 describes the overall system requirement and design approach. Sections 3 and 4 describe the hardware and software design of WSN-SELFIE, respectively. Section 5 discusses the implementation and evaluation of the WSN-SELFIE system. Finally, Section 6 presents the concluding remarks. 
II. OVERALL SYSTEM DESIGN
WSN-SELFIE consists of a camera, a gateway node, a portable Wi-Fi router, relay nodes, and a sensor node, as shown in Fig. 1 . The sensor node is placed at a designated shooting spot to enable the user to trigger the remote camera by pressing an attached button. The relay node forwards sensor data from the sensor node to the gateway node or another relay node. The number of relay nodes deployed depends on the distance between the sensor node and the gateway node. The gateway node gathers data from the sensor node and is connected with the camera through a Wi-Fi network to control it. In addition, the gateway node is connected to the Wi-Fi router to send photos from the camera to the online web server.
III. HARDWARE DESIGN OF WSN-SELFIE
In WSN-SELFIE, each network node consists of five main components, as shown in Fig. 2 . The first component is the nRF24L01 wireless transceiver module [22] , that operates in the worldwide 2.4 GHz ISM band and has a configurable air data rate of up to 2 Mbps. It transmits and receives radio signals to and from network nodes. It is attached to the second component: a single-board microcontroller (Arduino UNO) or a single-board computer (Raspberry Pi 3). It is used to process radio signals and control the transceiver to receive and transmit radio signals. The third component is an actuator module, this is, a push button triggered by users to start the WSN-SELFIE system. The fourth component is an 802.11n Wi-Fi dongle connected to the single-board microcontroller or computer through a USB port. It sets up VOLUME 7, 2019 a Wi-Fi connection between a network node and another device. For instance, the gateway node uses this component to connect to a portable Wi-Fi router. The fifth component is a portable battery with 5200-mAh capacity that supplies power to the network node. Depending on the type of network node, different sets of components are selected as follows.
A. SENSOR NODE OF WSN-SELFIE
The sensor node consists of four components: an Arduino UNO board, an nRF24L01 transceiver, a push button, and a battery. Table 2 shows how to connect the Arduino board to the other components. Fig. 3 shows an implementation of the sensor node for WSN-SELFIE.
B. RELAY NODE OF WSN-SELFIE
The relay node consists of three components: an Arduino UNO board, an nRF24L01 transceiver, and a battery. The transceiver is connected to the Arduino board in the same way as in the sensor node. Fig. 4 shows the hardware architecture of the relay node.
C. GATEWAY NODE OF WSN-SELFIE
The gateway node consists of four components: a Raspberry Pi 3 Model B board, an nRF24L01 transceiver, a Wi-Fi dongle, and a battery. The Wi-Fi dongle connects the gateway node to the camera via the camera's built-in ad-hoc Wi-Fi network. Table 3 shows how to connect the Raspberry Pi board to the transceiver. Fig. 5 shows an implementation of the gateway node and the camera.
D. CAMERA OF WSN-SELFIE
The Sony DSC-HX400V camera is suitable for the proposed system. It is a bridge-style camera with a 20.4MP 1/2.3 Exmor R CMOS sensor and a BIONZ X image processor that provides good low-light performance. It also has a 50x optical zoom Carl Zeiss Vario Sonnar T lens with a 100x clear image zoom. This lens can perform telephoto shooting owing to its 4.3-215 mm focal length with a 35-mm equivalent of 241200 mm. Further, this camera can be controlled by the gateway node via its built-in Wi-Fi ad-hoc network and an open source software development kit (SonySDK) [23] .
E. PORTABLE WI-FI ROUTER OF WSN-SELFIE
A portable Wi-Fi router is used for providing Internet access to the gateway node (Raspberry Pi 3 board). This node connects to the router's Wi-Fi network via its built-in WLAN interface. The Wi-Fi router transfers the data from the gateway node to the Internet through a long-term evolution (LTE) network.
IV. SOFTWARE DESIGN OF WSN-SELFIE
A. OVERALL SYSTEM PROCESS Fig. 6 shows the state-transition diagram of WSN-SELFIE. WSN-SELFIE starts in the ''auto calibrating camera lens'' state. In this state, the camera lens is automatically calibrated.
Then, the system enters the ''waiting for user'' state in which it waits for users. When a user enters the designated shooting spot and presses the capture button, the sensor node sends a capture command to the camera controller Write 0 to the writing pipe; 18: end if 19: end while (gateway node) and the system enters the ''capturing photos'' state in which it captures photos. The captured photos are stored in the local storage of the gateway node. Next, the system enters the ''photo uploading'' state in which it uploads photos to the online web server. Finally, the system returns to the ''waiting for user'' state.
B. CONTROLLER PROGRAM OF SENSOR NODE
Algorithm 1 describes the pseudocode for the controller program of the sensor node. The program controls the sensor node to read the status of a capture button and transmit it to the next node. From lines 1 to 10, the program configures settings for the push button and radio transceiver attached to the sensor node. From lines 11 to 16, based on the button state, the program continuously transmits a 1 or 0 signal to the next hop node.
C. CONTROLLER PROGRAM OF RELAY NODE
Algorithm 2 describes the pseudocode for the controller program of the relay node. The program controls the relay node to receive the capture button status from the previous node and transmit it to the next node. From lines 1 to 12, the program configures settings for the radio transceiver attached to the relay node. From lines 13 to 23, based on the received signal, the program continuously transmits a 1 or 0 signal to the next hop node.
D. CONTROLLER PROGRAM OF GATEWAY NODE
Algorithm 3 describes the pseudocode for the controller program of the gateway node. The program controls the gateway node to receive the capture button status from the previous node. It also controls the camera shooting functions based VOLUME 7, 2019 Write 0 to the writing pipe; 21: end if 22: else 23: end if 24: end while on the status of the capture button. From lines 1 to 11, the program configures settings for the radio transceiver attached to the gateway node. From lines 12 to 31, the program continuously listens to the incoming message; if the received message is 0, Algorithm 4 is executed to capture photos. Then, all captured photos are uploaded to the online web server.
Algorithm 4 describes the procedure of taking landscape photos and selfies when the user presses the capture button in the ''waiting for user'' system state. Upon receiving the photo request, the camera controller obtains the number of photos n p to be taken and an array of desired focal lengths ARR f provided by Algorithm 6. Next, it executes the photo capturing function with the number of photos as an input parameter. The function loops n p times. Each loop has the following sequence: the camera is requested to capture a photo, the photo is saved to local drives, the photo is added to a photo array list, and the camera is requested to zoom in one step. The maximum zoom level value is calculated by the automatic lens calibration algorithm (see Algorithm 6). Algorithm 6 is executed before the camera is deployed. In the final loop, the function requests the camera to zoom out to the 0% position and returns a photo list.
The photo list is used as the input for the photo uploading function described in Algorithm 5. The function loops through each photo in the photo list and uploads it to the web server. The controller programs for the sensor and relay nodes were developed in Arduino IDE, and the camera controller Start listening radio; 14: while radio is not available do 15: Sleep 0.01s; 16: if waiting time is more than 2s then 17: Break out of this loop; 18: else 19: end if 20: end while 21: Read incoming message; 22: Decode received message to unicode; program in the gateway node was written in the Python programming language. The web server program that stores captured photos was written in PHP and MySQL.
E. AUTOMATIC CALIBRATION OF CAMERA ZOOM LENS
Before capturing an image of the target, the zoom lens of the camera needs to be calibrated. Fig. 7 shows an overview of the automatic zoom lens calibration process. The process requires five input parameters, as shown in Fig. 8 .
Algorithm 4 Start Capturing Landscape Photos and Selfies

INPUT:
Number of photos n p , array of desired focal length ARR f OUTPUT: Array of landscape photos and selfies l p 1: i ← n p ; 2: l p ← {}; 3: while i > 0 do 4: ł p ← captureAndSavePhoto(); 5: if i = 1 then 6: zoomInOneStep(); 7: else 8: zoomOutToZeroPos(); 9: end if 10 : The working distance d w is the distance between the scene of the target object and the camera lens. w sensor and h sensor denote the width and height of the camera's image sensor, respectively. Field of view (FOV) refers the extent of the observable world including a target object. As d w decreases, FOV decreases because the distance between the lens and the camera sensor decreases [24] . The mathematical relations among the horizontal FOV (HFOV), vertical FOV (VFOV), focal length (f ), and working distance (d w ) are described by 
where, DFOV is diagonal FOV. The desired focal length of the camera zoom lens can be calculated from the above equations. For example, to detect an object having horizontal width (corresponding to HFOV) and vertical height (corresponding to VFOV) of 2.35 m and 1.76 m, respectively, by a digital camera with full frame sensor size of 35 mm located 1000 m away from the object, f was calculated to be ∼ 257 mm.
Algorithm 6 uses the relationship to generate an array of focal length f values of the camera lens, where an array of desired d w values, w sensor , h sensor , number of photos n p , and the desired HFOV and VFOV values are provided as the input parameters. The camera zoom lens can be driven by using the output of the algorithm as the input of Algorithm 4.
V. TESTBED SETUP AND PERFORMANCE EVALUATION
This section describes the testbed setup and performance evaluation of WSN-SELFIE to prove that it is suitable for long-range wireless selfie tethered shooting.
A. TESTBED SETUP
For performance evaluation of WSN-SELFIE, we install a testbed system, which consists of multiple relay nodes, one sensor node, and one gateway node. The network range, gateway processing time and end-to-end network delay are tested as performance metrics.
B. PERFORMANCE EVALUATION
To demonstrate how far the system network can reach, we increase the number of relay nodes from 0 to 6. According VOLUME 7, 2019 to Fig. 9 , WSN-SELFIE can reach ∼ 1 km with 6 relay nodes deployed. Each relay node can cover ∼ 150 m on average. Obviously, by adding relay nodes between the sensor and the gateway nodes, WSN-SELFIE can have far better range than commercial wireless tethering devices (∼100-m).
However, adding more relay nodes causes more network delay. Therefore, the end-to-end network delay of WSN-SELFIE is tested over various ranges, as demostrated in Fig. 10 . The result shows that WSN-SELFIE has relatively low network delay over long distances.
As the gateway node controls the camera, it involves intensive computation tasks and requires considerable processing time. Therefore, a test measuring the processing time of the gateway node is carried out to prove that WSN-SELFIE can guarantee the quality of service requirements of all users. In the test, the processing time required for the gateway node to execute Algorithm 4 is calculated when the number of photos n p increases. As shown in Fig. 11 , the processing time is acceptable because it is almost as quick as manual photo shooting.
Based on the above experimental results, Table 4 shows a comparison between WSN-SELFIE and other long-range camera systems that can be used to take a selfie in terms of maximum range, cost, and runtime. When compared to WSN-SELFIE, a photography drone has better maximum range, however, it is more expensive and has shorter runtime owing to its limited battery size. Although GIGA-SELFIE has similar maximum range, it is also costly because commercial image-stitching software and expensive equipment, such as a high-definition camera and telephoto lens are required to produce a gigapixel image. To the best of our knowledge, our WSN-SELFIE is a suitable option for long-range wireless tethered selfie shooting.
VI. CONCLUSION
This paper designs and implements a long-range wireless tethering selfie camera system using a wireless sensor network called WSN-SELFIE. WSN-SELFIE implements the novel idea of an existing long-range wireless tethering system in a more efficient way. In WSN-SELFIE, a superzoom digital camera is controlled remotely via an Arduino and Raspberry Pi-based WSNs. Each network node employs a low-power wireless transceiver (nRF24L01) to communicate with other nodes. The implementation results show that WSN-SELFIE is suitable for long-range wireless selfie tethered shooting. Moreover, it outperforms GIGA-SELFIE and photography drones in terms of cost and runtime.
